Background/Aims: Poor response to chemotherapy leads to the relapse and metastatic progression of tumors. Reprogrammed glucose metabolism is one of the important hallmarks of cancer that facilitates cancer cell survival, proliferation and chemoresistance. However, the precise fate of glucose metabolism and its role in therapy responsiveness in cancers remains largely unexplored. Methods: The glycolytic phenotype of doxorubicin (ADR)-resistant breast cancer cells and their parental cells was assessed by measuring glucose uptake, lactate release, and extracellular acidification rate (ECAR). Protein expression was detected by Western blotting analysis and mRNA expression was detected using q-PCR. Cell survival ratio was determined by the cell counting kit 8 assay. The role of fibroblast growth factor receptor 4 (FGFR4) in glycolysis, chemoresistance, and the underlying mechanisms were studied by using gene expression microarray and short hairpin RNA-mediated gene knockdown. Results: We found that glycolytic flux are increased in two doxorubicin (ADR)-resistant breast cancer cell lines compared with their parental wild type cells, as demonstrated by increased glucose uptake, lactate release, and extracellular acidification rate (ECAR). By gene expression microarray, we identified FGFR4 as a critical modulator of ADR resistance and enhanced glucose metabolism. Genetic silencing of FGFR4 increased the chemosensitivity and suppressed the enhanced glycolytic flux in ADR-resistant cells. Mechanistically, activation of FGFR4 signaling in ADRresistant cells led to the phosphorylation of FGF receptor substrate 2 (FRS2) and further activated the downstream MAPK/ERK signaling. Pharmacological inhibition of FGFR4-FRS2-ERK signaling pathway significantly blocked the chemoresistant and glycolytic phenotypes of ADR-resistant cells. Conclusion: Our findings suggest that high levels of FGFR4 can increase glucose metabolism and lead to chemoresistance in breast cancer and reveal the mechanistic basis for targeting FGFR4 as a therapeutic opportunity for chemoresistant tumors.
Introduction
Breast cancer is the major cause of cancer-related mortality in women. Despite the development of early clinical detection methods and breast cancer therapy, some patients with advanced breast cancer have recurrent disease [1, 2] . Although personalized therapy is popular, for patients with advanced breast cancer, chemotherapy is still considered the alternative treatment option [1] . However, chemoresistance is the most common and critical limitation of breast cancer treatment. Doxorubicin (ADR), a derivative of the natural product daunomycin, works by intercalating DNA and inhibiting the religation step of topoisomerase II. It has long been used as a first-line chemotherapeutic drug to treat breast cancer [3] [4] [5] . Unfortunately, doxorubicin drug resistance appears in nearly 50% of treated patients [3] . The development of chemoresistance in breast cancer can be either intrinsic or acquired. Several molecular mechanisms are associated with the chemoresistant phenotype of breast cancer. It is widely recognized that up-regulation of the drug transporter family known as the adenosine triphosphate-binding cassette (ABC) drug transporter family contributes to drug resistance by regulating drug efflux. Moreover, cancer stem cells (CSC), changes of anticancer drug targets, and dysregulation of key oncogenic signaling pathways also play vital roles in the chemoresistant phenotype of breast cancer [1] . Recent studies have revealed the profound effects of glucose metabolism on the development of chemoresistance [3, 6] .
A hallmark of cancer is the reprogramming of energy metabolism to promote cell survival and inhibit cell apoptosis [6] [7] [8] . A primary metabolic alteration associated with cellular transformation is enhanced aerobic glycolysis, also known as the "Warburg effect". The Warburg Effect is defined as an increase in the rate of glucose uptake and the fermentation of glucose to lactate, even in the presence of oxygen [9] . The Warburg Effect not only contributes to rapid ATP synthesis but also supports the biosynthetic requirements of uncontrolled proliferation [10, 11] . However, the precise fate of glucose metabolism and its role in therapy responsiveness in cancers remains largely unexplored.
The fibroblast growth factor (FGFs)-FGFR signaling system has been implicated in diverse biological processes during embryo development, wound healing, and angiogenesis [12, 13] . The FGFR protein family consists of four highly conserved receptor tyrosine kinase members (FGFR1, 2, 3 and 4). Activation of FGFRs leads to receptor dimerization, autophosphorylation and activation of downstream signaling pathways governing various oncogenic processes, including cell differentiation, proliferation, metastasis, angiogenesis and chemoresistance [14, 15] . The overexpression of FGFR4 has been reported in many cancers, and high levels of FGFR4 expression are associated with poor survival in cancer patients [16] [17] [18] [19] [20] .
In this study, we first present a mechanism of ADR chemoresistance by which breast cancer cells increase glycolytic flux. Subsequently, expression profile microarray analysis and a loss-of-function study revealed that FGFR4 is a critical modulator of ADR chemoresistance and enhanced glycolytic flux in ADR-resistant cells. Finally, pharmacological inhibition of FGFR4-FRS2-ERK signaling blocked the chemoresistant and glycolytic phenotypes of ADRresistant cells.
Materials and Methods

Cell culture and reagents
The human breast cancer cell lines MCF-7 and MDA-MB-231 were purchased from the American Type Culture Collection (Manassas, VA, USA). The MCF-7/ADR cell line (ADR-resistant estrogen receptor positive human breast adenocarcinoma) was obtained from the Institute of Biochemistry and Cell Biology, Chinese Academy of Science (Shanghai, China). TogenerateMBA-MD-231/ADR cells, MBA-MD-231 cells were chronically incubated with increased concentrations of doxorubicin for 12 months. On average, the concentration of doxorubicin was increased every 2 weeks. The resistance of the ADR-R cells to ADR was confirmed by measuring the IC 50 value using the CCK-8 assay. The cells were grown in Dulbecco's modified Eagle's medium (Gibco, MD, USA) containing 10% fetal bovine serum (FBS) and 100U/ml penicillin/ 
Measurement of glucose uptake and lactate release
Culture supernatants were collected for the measurement of glucose uptake and lactate release. The lactate concentration in the supernatant was determined utilizing Hexokinase Kits (Sigma, USA) and Lactate Assay Kits (Sigma #MAK064) according to the manufacturer's instructions. All the raw data were normalized by cell density measured by the crystal violet method.
Measurement of extracellular acidification rates (ECARs)
Extracellular acidification rates (ECARs) were determined using the Seahorse Extracellular Flux (XFe96) analyzer (Seahorse Bioscience, USA). Cells were seeded at a density of 1 × 10 4 per well in XFe96 cell culture plates and incubated for 16 h in F medium at 37°C in a 5% CO 2 humidified atmosphere. Subsequently, cells were washed in XF assay medium and kept in XF assay medium at 37°C in a non-CO 2 incubator for 1 hr. Then, glucose, oligomycin, and 2-DG in XF assay medium were loaded into the injection ports in the XFe96 sensor cartridge to determine the ECARs. The experiment was performed with 6 replicates in each experiment.
Real-time quantitative PCR
Total RNA was extracted using TRIzol reagent (Invitrogen, USA) according to the manufacturer's protocol. cDNA was synthesized using the Superscript III First Strand Synthesis Kit (Invitrogen, USA).Quantitative RT-PCR was performed using SYBR green assays (Invitrogen, USA) and an Applied Biosystems 7500. The gene-specific primers are shown in Table 1 . The relative expression of each mRNA was calculated using the equation 2^-∆∆Ct . All PCR assays were performed in triplicate.
Gene expression microarrays
Sample preparation and microarray hybridizations and assays were performed by the Biotechnology Corporation (Shanghai, China). Briefly, RNA was purified using mRNA Isolation Kits (Ambion, Austin, TX) according to the manufacture's protocol. The cDNA waslabeled and then hybridized to anAgilent Human SurePrint G3 Human GE 8 × 60 k mRNA microarray chip (Agilent Technologies). To select differentially expressed genes, we used threshold values of ≥ 2 and ≤ −2-fold changes and a Benjamini-Hochberg corrected p value < 0.05 (multiple testing, Benjamini-Hochberg method).
siRNA transfection Specific siRNAs targeting FGFR4 and the controls were purchased from GenePharma (Shanghai, China). For siRNA transfection, cells were seeded in 6-well culture plates and transfected with 50 nM siRNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Then, 48 h after transfection, the cells were analyzed by Western blotting and real-time quantitative PCR. Cell viability assay Cell viability was measured using a Cell Counting Kit 8 (CCK-8, Dojindo, Japan). Cells were plated in 96-well plates at a density of 5× 10 3 cells/well and incubated for 24 h. Cells were cultured for an additional 48 h with the indicated treatment. Then, 10 μl of the CCK-8 reagent was added to each well, and the cells were incubated for 1 h at 37˚C. The absorbance in each well was measured at 450 nm using a multifunctional microplate reader (Bio-TEK, USA). The data from 3 independent experiments were analyzed.
Western blotting
Cultured cells were washed with PBS and lysed with RIPA lysis buffer (Millipore, Billerica, MA) supplemented with complete EDTA-free protease inhibitor cocktail (Roche, Indianapolis, IN)and phosphatase inhibitor cocktails 1 and 2 (Sigma-Aldrich, St. Louis, MO). Protein concentrations were quantified using a Bio-Rad DC protein assay kit (Bio-Rad, USA). Samples (15 μg) of total cell lysates were separated on 10% sodium dodecyl sulfate-polyacrylamide (SDS) gels and electrotransferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked by a1-hour incubation with 5% nonfat dry milk in Trisbuffered saline with 1% Tween. After being blocked, the membranes were incubated with specific primary antibodies against the selected proteins at 4°C overnight. Then, the membranes were incubated with the species-matched peroxidase-conjugated secondary antibody. Specific reactive proteins were detected by enhanced chemiluminescence (Pierce). The following commercial antibodies were used for Western blot analysis: anti-FGFR4 (1:500, Abcam, ab5481), anti-phospho-FRS2α (1:1000, Abcam, ab193363), anti-FRS2α (1:1000, Abcam, ab10425), anti-phospho-Akt (1:1000, CST, #4060), anti-Akt (1:1000, CST, #4691), antiphospho-Erk1/2 (1:1000, CST, #9101), anti-Erk1/2 (1:1000, CST, #4695), anti-phospho-NF-κB (1:1000, CST, #3039), anti-NF-κB (1:1000, CST, #6956), and anti-GAPDH antibody (1:2000; Abcam, ab8245).
Statistical analysis
All values are expressed as the mean ± SD of at least 3 individual experiments. The statistical comparisons between the groups were performed using one-way analysis of the variance (ANOVA) or Student's t-test. Statistical analyses were performed using SPSS 13.0 statistical package software (SPSS, Chicago, IL, USA) or GraphPad Prism (GraphPad Software Inc., San Diego, CA). P values less than 0.05 were considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).
Results
ADR-resistant breast cancer cells exhibit increased glucose metabolism
To investigate the metabolic alterations associated with ADR resistance, two breast cancer cell models with acquired ADR resistance, MCF7/ADR and MDA-MB-231/ADR, were used. Compared with WT cells, ADR-resistant cells had significantly higher IC 50 values (Fig. 1A) .To compare the glucose metabolism of ADR-R cells with that of the WT cells, we first assayed glucose uptake after culturing the cells for 24 hr. We found that MCF7/ADR-R and MDA-MB-231/ADR-R cells displayed significantly increased glucose uptake compared with the WT cells (Fig. 1B) . Consistently, ADR-R cells also demonstrated more lactate production than WT cells (Fig. 1C) . To confirm the correlation between ADR resistance and glucose metabolism, we measured the extracellular acidification rates (ECARs) using the XFe96 extracellular flux analyzer. As shown in Fig. 1D , ADR-R cells demonstrated increased extracellular acidification rates compared to their parental WT cells. In addition, by measuring the expression of glycolytic enzymes, we observed that the expression of genes involved in glucose metabolism was also increased in ADR-R cells (Fig. 1E) . In summary, these findings suggest that glucose metabolism is enhanced in ADR-resistant cells.
Inhibiting glycolysis suppresses the chemoresistant phenotype of breast cancer cells
To determine the dependence of the ADR resistance phenotype on glucose metabolism, we cultured the ADR-R cells and their parental WT cells in low glucose conditions (1 mM glucose) for 24 hr. As shown in Fig. 2A sis with 2-deoxy-D-glucose (2-DG, a classical glycolysis inhibitor) in ADR-R cells. The ADR-R cells were more sensitive to ADR in the presence of 2-DG (Fig. 2C, 2D ). These data suggest that the chemoresistant phenotype of ADR cells primarily depends on enhanced glucose metabolism.
FGFR4 is the master regulator of enhanced glucose metabolism in ADR-resistant breast cancer cells
To reveal the molecular mechanism underlying the enhanced glucose metabolism in ADR-R cells, we examined RNA extracted from MCF7 and MCF7/ADR cells. The 10 genes showing the most up-regulation (ADR versus WT), including TFDP3, LOXL2, AQP3, OCT4, ABCC5, PMP22, PAK1, HPIP, FGFR4, and NRF2, are shown in Fig. 3A . Next, using real-time PCR analysis, we observed similar changes of these differentially expressed genes (Fig.  3B) . Specifically, FGFR4 had the greatest change in both MCF7/ADR and MDA-MB-231/ ADR cells. Moreover, to demonstrate whether FGFR4 is responsible for ADR resistance and correlated with glucose metabolism, we genetically silenced FGFR4 in MCF7/ADR and MDA- 
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MB-231/ADR cells. Two specific siRNAs targeting FGFR4 resulted in a pronounced decrease of the FGFR4 protein levels (Fig. 3C) . ADR-R cells failed to respond to ADR treatment but demonstrated significantly diminished survival when FGFR4 was inhibited (Fig. 3D) . The FGFR4 knockdown also significantly suppressed the glycolytic phenotypes of MCF7/ADR and MDA-MB-231/ADR cells, as demonstrated by decreased glucose uptake (Fig. 3E) , reduced lactate release (Fig. 3F) , and attenuated ECAR (Fig. 3G) . Collectively, these results indicate that FGFR4 contributes to the ADR resistant phenotype and the enhanced glycolytic ability of ADR-R cells. 
Pharmacological inhibition of the FGFR4-Erk1/2 pathway increases chemosensitivity and suppresses enhanced glucose metabolism
The binding of FGFR4s to the corresponding FGF ligands causes receptor dimerization and transphosphorylation of FGFR tyrosine domains [21] [22] [23] . Activated FGFR phosphorylates FGF receptor substrate 2 (FRS2) and leads to the activation of downstream signaling pathways, including MAPK, PI3K/AKT, and NF-κB [15, 18, 24] . As shown in Fig. 4A , we observedincreasedphospho-FRS2 and phospho-Erk1/2 levels in ADR-R cells compared with the WT cells. However, Akt and NF-κB phosphorylation were not significantly changed, suggesting the potential role of the FGFR4-FRS2-Erk1/2 signaling pathway in ADR resistance and glucose metabolism. To test this hypothesis, two classical pharmacological inhibitors targeting FGFR4 and Erk1/2, namely PD173074 and U0126, were used [25] . Indeed, treatment with PD173074 or U0126 significantly improved the response of ADR-R (Fig. 4B ). PD173074 and U0126 also blocked the enhanced glycolytic phenotype of ADR-R cells, as revealed by glucose uptake (Fig. 4C ), lactate release (Fig. 4D) , and ECAR (Fig. 4E ).
Discussion
Drug resistance is the major cause of the failure of clinical chemotherapy. ADR is an effective and frequently used chemotherapeutic agent for various malignancies, including breast cancer. However, the response of breast cancer patients to ADR is very poor, with no significant increase in patient survival. Previously, numerous mechanisms of ADR resistance, especially the rate of drug influx or efflux, have been identified [26] [27] [28] . In this study, we demonstrate a novel mechanism of chemoresistance by which cancer cells increase glycolytic flux.
Tumor cells can constantly and rapidly adapt to changes in the tumor microenvironment, including alterations in the levels of glucose, oxygen and key transition metals. Increased glycolytic flux has been demonstrated in many types of cancers and is believed to originate as an adaptive response to the selective pressure of the tumor microenvironment [29] . Accumulating evidence demonstrates that the compound 2-DG enhances the effect of chemotherapy against cancer cells both in vitro and in vivo [30] . We therefore hypothesized that cancer cells might depend on the glycolytic pathway for the acquisition of drug resistance and that targeting this phenotype could be exploited for therapeutic intervention. In this study, we found that ADR-R cells have increased glycolytic flux compared with their parental WT cells. Consistent with our observation, Shukla et al. demonstrated that increased glucose metabolism fuels gemcitabine resistance in Gem-resistantpancreatic cancer cells [31] . They showed that increased glycolysis led to glucose dependence and a corresponding elevation in pyrimidine biosynthesis, which increased the intrinsic levels of deoxycytidine triphosphate (dCTP). Subsequently, the increased dCTP levels diminished the effective levels of gemcitabine through molecular competition in pancreatic cancer. In addition, targeting glycolytic enzymes can also effectively enhance chemosensitivity in chemoresistant cancer cells [29, [32] [33] [34] . These effects are primarily associated with reduced glycolysis. In addition to allowing abundant cellular buildings, enhanced glycolysis can increase the intracellular ATP levels, which are crucial for ATP-dependent transporters, including P-glycoprotein (MDR1 protein), a major cause of multidrug resistance. Therefore, our data and data from other groups suggest that a combination of a glycolytic inhibitor with conventional chemotherapeutic drugs might improve the clinical effectiveness of chemotherapy.
Therefore, a combination of a glycolytic inhibitor with conventional chemotherapeutic drugs might effectively enhance chemosensitivity in chemoresistant pancreatic cancer cells and help prevent recurrence and metastasis after chemotherapy.
Next, we found that the resistance of ADR-R cells to doxorubicin correlated with FGFR4 up-regulation. Up-regulation of FGFR4 is associated with multiple oncogenic functions in cancer, including cell survival, proliferation, apoptosis, migration, and chemoresistance [14, 18] .A role for FGFR4 in chemoresistance has recently been described for hepatocellular carcinoma and colorectal cancer [35, 36] . Here, using a loss-of-function study, we showed that FGFR4 knockdown improves the chemotherapy response of ADR-R cells to ADR treatment and suppresses glycolytic flux. Consistent with our observation, Roidl et al. showed that FGFR4 gene expression is up-regulated in doxorubicin-treated, apoptosis resistant cancer cell clones [37] .Activating FGFR4 can inhibit the MAPK, PI3K/Akt or NF-κB signaling pathway depending on the cellular context [21, 24] . In this study, we observed drastic changes of Erk1/2 phosphorylation in ADR-R cells. Consistent with our observation, Roidl et al. also showed that small interfering RNA mediated knockdown of FGFR4 expression caused a decrease in Erk1/2 phosphorylation [37] , suggesting that FGFR4-Erk1/2 signaling is essential for the chemoresistant phenotype of breast cancer cells. Finally, pharmacological inhibition of FGFR4 signaling by PD173074 suppressed the resistance of cancer cells to ADR treatment. PD173074 is a first-generation inhibitor specific for FGFR [38] . Therefore, Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
